We report on the recent observation of new spectral lines of cold H + 3 ions lying well in the visible spectral region. Transitions from the two lowest ro-vibrational levels to final levels up to 16 700 cm −1 , almost half way to the dissociation limit, have been measured, involving up to eight vibrational quanta. The observed transitions are more than six orders of magnitude less intense than the n 1 2 fundamental band and yet another order of magnitude weaker than reached by previous sensitive action spectroscopy in the nearinfrared region. The measurements were carried out in a cryogenic 22-pole ion trap with H + 3 ions cooled to their lowest rotational levels by helium buffer gas. Laser-induced chemical reactions lead to the formation of ArH + ions detected with single-ion sensitivity. These visible measurements, together with the previous near-infrared measurements, have helped to further develop empirically corrected calculations and have provided essential benchmarks for new ab initio calculations that now reach a spectroscopic accuracy of 0.1 cm −1 on average up to the highest observed transition. Highly sensitive action spectroscopy and the attained high-accuracy predictions will enable us to find and measure transitions even further into the visible region of H + 3 , paving the way towards the dissociation limit.
Introduction
H + 3 is the dominant ion in many technological and astrophysical plasmas. Now 100 years after its discovery by Thomson [1, 2] in an early form of mass spectrometry, it is still of particular interest for astrophysical, theoretical and experimental research. The first laboratory spectrum was recorded by Oka in 1980, initiating the astronomical search [3] . Since then, H around the dissociation limit at approximately 35 000 cm −1 were observed. This spectrum still remains unidentified, rendering it one of the longest running unresolved problems in chemical physics. Several approaches to explain the H + 3 predissociation spectrum have been reported; a recent overview is given by Silva et al. [15] .
In the past decades, elaborate calculations have been developed. For 10 years, the spectra below the barrier to linearity have been well understood, with the deviations between theory and experiment being less than 0.1 cm −1 [16] . Later work revealed that also in the range up to 14 000 cm −1 , reasonable agreement persists, with deviations of the order of a few wavenumbers or more [17] [18] [19] [20] [21] . Until recently, above 14 000 cm −1 , where no experimental data had been available until now, the deviations increased with increasing energy ( 1 cm −1 ). However, no higher lines could be measured with the absorption spectroscopy of Oka and co-workers [17, 18, 20] . Even with long optical path lengths, high H + 3 number densities and elaborate lock-in techniques, the method had reached its sensitivity limit. This demonstrated the need for a highly sensitive spectroscopic technique to provide experimental data above 14 000 cm −1 , well into the visible spectrum of H + 3 . Previously, we reported a series of lines measured in the same energy range as Oka et al. with their advanced absorption technique, but using the powerful action spectroscopy technique in a 22-pole trap [19] . A total of 23 transitions were measured, of which 6 precisely reproduced the absorption spectroscopy results [17, 18] . We describe the improvements of the setup that heightened our sensitivity. These improvements can be carried even further, causing the sensitivity to heighten more, paving the way significantly beyond 17 000 cm −1 .
Theoretical transition energies and transition labelling
For guiding the line search in our measurements, the class of empirically corrected calculations turned out to be the most suitable. We used two theoretical works that were the most accurate at the time of the measurements. −1 deviation signifies a full-day search. The labelling in this paper is based on the spectroscopic quantum numbers of a symmetric top molecule of D 3h symmetry, namely v 1 for the symmetric breathing mode n 1 , v 2 for the doubly degenerate bending mode n 2 , J for the total angular momentum (J ) and l 2 for the vibrational angular momentum. In addition, the quantum number G = |k − l 2 | is used, where k is the projection of J on the molecular symmetry axis. With these, partly approximative, quantum numbers, the transitions (all starting in the vibrational ground state) are labelled as The central part of the setup is a cryogenic 22-pole trap [30] providing cold H
via He buffer-gas cooling. The effective cylindrical potential is similar to that in the classical Paul trap. The essential difference is a much steeper, nearly box-like radial potential wall minimizing the effect of RF heating. For axial confinement, two cylindrical DC electrodes at +2 V are used.
In combination with appropriate He buffer-gas cooling, this leads to very low ion temperatures. In the present experiments, the trap was operated at a minimum of 60 K to prevent the Ar reactant gas from freezing to the trap walls and its housing. The He and Ar are continuously fed into the trap and precooled via the second stage of the cold head and the base plate of the trap. The typical pressures inside the 22-pole trap, found by considering the conductance between the trap volume and the pressure monitoring gauge as well as the observed ArH + lifetimes [28] , are given in table 1. At the 60 K trap temperature, the H is predominantly determined by proton transfer reactions with N 2 . The argon number density in the trap is chosen such that essentially all excited H + 3 ions can meet an Ar atom before they are cooled by the He buffer gas to below the Ar reaction barrier as vibrational deactivation is assumed to be much slower. The He density is optimized to achieve thermalized translational and internal cooling [27] . The H 2 partial pressure inside the trap determines the ArH + lifetime according to equation (3.1) and was chosen such that the optimum lifetime of approximately 25 ms was reached. Longer ArH + lifetime would maximize the signal strength; however, a short lifetime is required to reduce the background consisting mainly of non-laser-induced ArH + . As excited H + 3 is produced in the ion source and reacts with the Ar probe gas in the trap before its rapid buffer-gas cooling, a excitation. An in-house made tunable IR diode laser system (13 mW) was installed on one side of the trap and either a Coherent 899 Ti : sapphire or a Coherent 699 Dye laser, pumped by a Spectra Physics Millenia 10 W frequency-doubled Nd:YVO 4 laser at 532 nm, was located on the opposite side of the trap. The laser beam path was fixed for all measurements by two fluorescing alignment discs (FADs) with a hole of 1.5 mm diameter and two irises. Multiple laser passings were used depending on the measurement scheme as described in the following section. During a measurement, both irises were set to 2.5 mm diameter while the FADs were flipped out to maximize the laser power available for interaction with the ions. The laser-induced ArH + count number is expected to be as small as 10 −1 on average because we are searching for transitions as weak as B lu ∼ 10 17 cm 3 J −1 s −2 . The H + 3 number is orders of magnitude larger to maximize the spectroscopic ArH + signal and must be determined for normalization. This required a high dynamic range of the single-ion counting system and thus an improved extraction scheme than that used before. In previous trap experiments [19, 27, 28] , the ions were released by switching the exit electrode from a positive (+2 V) to a negative (−8 V) voltage, extracting all stored ions at once and creating a short ion pulse of approximately 25 ms. ramp was applied to the inner exit electrode, extracting the ions slowly and lengthening the ion pulse to 10 2 ms; this kept the normalization count rates below approximately 20 MHz.
Line searches and transition energy measurements differed from each other in the applied numbers of trapped H + 3 ions and in the laser frequency step sizes. In the line searches, high but constant H + 3 ion numbers of up to 10 5 H + 3 ions were stored, irrespective of saturation effects of the detection system, to maximize the chance of finding a line within reasonable integration times. A coarse laser frequency step of approximately 0.01 cm −1 (enough for several points within the Doppler broadened line profile) was used to reduce the search time. Also, the laser path was traversed four times, increasing the effective laser power by about a factor of two. For the transition energy determinations, the laser frequency step was reduced to 0.003 cm −1 and only up to approximately 10 4 H + 3 ions were used in order to avoid saturation effects. These measurements lasted 15 h on average to reach good statistics. Precise transition energies were derived from the laser frequencies at the centroids of Gaussian fits to the Doppler broadened line profiles.
Results and discussion
We measured 11 new transition frequencies starting from the vibrational ground state to final levels far above the barrier to linearity. Among them are four NIR to VIS lines that lie between 12 500 and 14 000 cm −1 and possess weak transition strengths compared with the mean bulk states at these energies; moreover, we found seven VIS transitions that lie between 15 000 and 16 700 cm −1 and possess transition probabilities comparable to the bulk states. Several transitions below 11 000 cm −1 were remeasured to verify the agreement with previous studies. The transitions above 13 000 cm −1 have recently been published [23] , together with the latest high-accuracy calculations as discussed below. Figure 2 shows two VIS line measurements. The signal-to-noise ratio realized for these weak lines clearly demonstrates the high sensitivity of our technique. The transition energy and the kinetic temperature of the ions, corresponding to the Doppler width of the spectral profile, were determined for each measured line. The derived temperatures typically lie at 70-90 K, somewhat higher than the temperature found by a thermal probe at the 22-pole trap housing (approx. 60 K). The deviation can be rationalized by the large ion-to-neutral mass ratio in collisions between H + 3 and Ar in combination with a rather high voltage (+2 V) on the entrance and exit electrodes of the trap [32] . No particular care was taken to further reduce the translational temperature.
For all transitions, the measured wavenumbers n m are listed in table 2, together with their assignment to vibrational and rotational levels and the deviations Dn = n calc − n m between the experimental wavenumbers and various theoretical predictions. In the NIR region above the barrier to linearity, multiple experiments [17-20] so far revealed 143 transitions. Among those, six were assigned to levels with v 1 + v 2 = 6 vibrational quanta. We find four new NIR to VIS transitions with 5-7 vibrational quanta. In addition, our three remeasured transitions below 11 000 cm −1 improve the given wavenumber accuracy by a factor of 2 and are in excellent agreement with the previous measurements [17, 20] . The seven VIS transitions at 15 000-16 700 cm −1 increase the range of vibrational quanta so far observed up to v 2 = 8 and represent the energetically largest spectroscopic transitions currently measured for H The assignment of our measured lines is primarily based on the comparison of the measured transition wavenumbers with the predictions from the three sets used in our line search, TEN96, ALI03 and ALI03 c . Primarily, the energy of an observed transition has to be uniquely identified with a transition in these lists, which also fixes the final angular momentum quantum number J u and the initial rotational level (J , G) l of the transition as included in each of the sets. The low ion temperature strongly enhanced the population in the two lowest rotational levels (J l = 1). J l = 2 levels were included in the matching considerations, but none of the observed lines is seen to belong to these higher initial levels; initial levels with J l ≥ 3 can be safely excluded at the observed ion temperature. In most cases, possible members of the search sets were clearly separated from each other in frequency, and the measured lines can be uniquely identified as illustrated in figure 3 . For the 15 450.112 cm −1 transition, two predicted neighbouring transitions overlap. One of the two theoretical candidates that fit frequency wise, however, was excluded as its predicted transition intensity is more than two orders of magnitude below our sensitivity limit. For the two highest lines, the wavenumbers from the TEN96 serving in the search were those of different transitions than finally identified with the help of the more recent high-accuracy calculations. Vibrational and G u assignments are taken from those provided for the identified lines in ALI03 and Alijah [22] . No vibrational assignments are available for the highest line in table 2.
Our observed NIR and VIS transitions, together with all previously measured data, lead to an improved empirical corrected calculation by Alijah [22] , decreasing the deviation from experiment by a factor of 10. The calculations make use of an empirical correction formula adapted to describe also higher energy levels up to dissociation. The resulting set is referred to as ALI10 c in table 2. The uncorrected values for this list are identical to ALI03 as the same PES is used. As can be observed in figure 4 , the TEN96 linelist mostly lies above the measured transition energies by up to approximately 3 cm −1 for the identified lines. In the lists ALI03 and ALI03 c , the uncorrected calculations overestimate the energy of the upper state by up to 1 cm −1 , whereas the corrected linelist underestimates the energies by roughly the same amount. Except for ALI10 c , there is a trend to underestimate the transition frequency for the higher final energies. The underestimations likely indicate that the PES applied in the ALI03 calculation becomes less accurate with increasing level energy. The even larger deviations for the corrected theory, ALI03 c , are revised with the improved empirical correction of non-adiabatic effects in Alijah [22] .
Combined efforts towards understanding the visible spectrum of H + 3 , putting calculations with a new, much more accurate PES side by side with our experimental work, were reported recently [23] . Including an ab initio model of non-adiabatic interactions and adding relativistic effects, the high-accuracy calculations deviate from our experimental wavenumbers by <0.25 cm −1 for all of the observed transitions, as shown by figure 4 and by the values in the column PAV12 of table 2. The standard deviation between the measured and calculated transition energies, characterizing the spectroscopic accuracy achieved, lies at approximately 0.1 cm −1 . With the new high-accuracy calculations, we could check the identification and assignment of our measured transitions, which resulted in the re-assignment of the two highest-lying transitions.
Conclusion and outlook
We successfully advanced into the visible spectroscopy of cold H + 3 ascertaining energy levels that lie half way to the dissociation limit. The detected energy levels can be used to empirically correct predicted energies, as recently carried out by Alijah [22] , and serve as benchmarks in developing high-accuracy ab initio calculations beyond the Born-Oppenheimer approximation, capable of handling non-adiabatic and relativistic effects [23] . The presented results establish predictive power at spectroscopic accuracy for the recent ab initio calculations ranging at least up to approximately 17 000 cm −1 . Our chemical probing spectroscopy technique has not reached its sensitivity limit yet. On the basis of the predicted transition strengths of the current lines, it should be possible to find transitions up to approximately 20 000 cm −1 . Examining lines that are a single order of magnitude weaker, it is seen (O. L. Polyansky 2012, personal communication) that we might extend the limit up to approximately 22 000 cm −1 . To approach the dissociation limit further, additional sensitivity improvements have to be implemented. This can be achieved by increasing the amount of H + 3 ions and the ArH + lifetime while suppressing the non-laser-induced ArH + . With further modification of the extraction and detection scheme, we expect that the H + 3 ion number accessible to quantitative monitoring can be increased to the maximum storage amount of a few million ions where, however, space charge and heating effects must be taken into account. The non-laserinduced ArH + background can certainly be minimized by a pulsed valve, timing the injection of the Ar gas into the trap only after the H excitation produced by the ion source is not expected to provide this amount of energy and a nearly background-free measurement can be expected, independent of the H 2 pressure. A two-colour photon absorption scheme, currently under investigation, could overcome decreasing transition intensities from the ground state and the limitations of laser sources.
Finally, as we have been able to prevent saturation of our detection system in the normalization procedure, the determination of the line intensities has become possible. Accurate normalization depends on many, though in our case known or measurable, experimental parameters. The initial states and their populations are known and other parameters, such as the laser power, the H + 3 and ArH + lifetimes and the ion temperature, can be monitored. Thus, relative line intensities may be determined and put on an absolute scale by comparison with the well-known strengths of lower transitions. For the first time, the determination of Einstein B coefficients for H + 3 transitions leading above the barrier to linearity has come within reach. 
